The objective of this study was to determine if dietary cation-anion balance (DCAB) affects the concentration of S that can be tolerated by growing and finishing cattle without adversely affecting performance. Angus cross and Bradford steers (n = 114; average initial BW = 252.8 kg) were blocked by BW and breed, and randomly assigned within a block to treatment. The design was a 3 × 2 factorial arrangement of treatments with S (from NH 4 SO 4 ) supplemented at 0, 0.15, or 0.30% of DM, and NaHCO 3 added at 0 or 1.0% of DM. Each treatment consisted of 3 pens containing 5 steers and 1 pen containing 4 steers. Steers were used in an 84-d growing study followed by a finishing study. A corn silage-based diet was fed during the growing study and a corn-based diet was fed during the finishing study. Steers were not randomized between experiments. The analyzed concentrations of S in the growing diets were 0.12, 0.30, and 0.46%, whereas the analyzed concentrations of S in the finishing diets were 0.13, 0.31, and 0.46% for treatments supplemented with 0, 0.15, and 0.30% S, respectively. Increasing DCAB by approximately 15 mEq/100 g of DM, by the addition of NaHCO 3, did not affect (P > 0.36) performance during the growing or finishing studies. During the growing study DMI was not affected (P = 0.29) by dietary S.
Steers fed diets containing 0.30% S had greater ADG (P = 0.02) and G:F (P = 0.01) than those receiving 0.46% S, but similar (P > 0.36) performance to steers fed 0.12% S. During the finishing study, steers fed diets containing 0.46% S had less ADG than steers fed 0.13 (P = 0.004) or 0.31% S (P = 0.07), whereas ADG did not differ (P = 0.18) among steers fed 0.13 and 0.31% S. Steers fed diets containing 0.31 (P = 0.01) or 0.46% S (P = 0.001) had less DMI than controls, but G:F was not affected (P = 0.52) by S during the finishing study. Carcass characteristics did not differ (P > 0.18) among steers fed diets containing 0.13 and 0.31% S. Steers receiving diets containing 0.46% S had decreased HCW (P = 0.001), quality (P = 0.02), and yield grades (P = 0.04) than steers receiving 0.13% S. Plasma Cu concentrations on d 101 of the finishing phase and liver Cu concentrations at slaughter were greater (P ≤ 0.05) in control steers compared with those fed diets containing 0.31 or 0.46% S. This study indicates that steers fed growing diets can tolerate up to 0.46% S with minimum effects on performance. Finishing steers tolerated diets containing 0.31% S without adverse affects on ADG or G:F. However, 0.46% S greatly decreased ADG and DMI, and increasing DCAB did not prevent these depressions.
INTRODUCTION
Ruminal microorganisms require S for their growth and synthesis of S-containing AA and B-vitamins (NRC, 2000) . The recommendation for S in the most recent Beef Cattle NRC (2000) is 0.15% of DM. However, dietary S between 0.25 and 0.30% has reduced DMI and ADG in some finishing studies (Bolsen et al., 1973; Zinn et al., 1997) . Forages often contain 0.30% S or greater, and increasing S, via S fertilization, from 0.29 to 0.37% DM (Spears et al., 1985) or from 0.22 to 0.51% DM (Arthington et al., 2002) did not affect forage intake by cattle. These studies suggest that cattle fed forage-based diets can tolerate greater concentrations of S than those fed high-concentrate diets without a decrease in DMI.
Many coproduct feeds used in ruminant diets have increased S (Kerr et al., 2008) , and use of coproduct feeds in cattle diets has increased greatly in recent years. Sulfur behaves as an anion and influences dietary cation-anion balance (DCAB; Tucker et al., 1991) . Low DCAB reduces DMI in cattle (Ross et al., 1994a,b) ; thus, increased dietary S may decrease DMI and sub-sequently ADG due to decreased DCAB independent of any specific toxic effect of S. We hypothesized that DCAB may affect the quantity of S that can be tolerated by growing and finishing cattle without adverse effects. The present study was conducted to determine the effects of dietary S and DCAB on performance and mineral status of steers fed growing and finishing diets.
MATERIALS AND METHODS
Animal care, handling, and sampling procedures were approved by the North Carolina State University Animal Care and Use Committee before initiation of the experiment.
Animals and Experimental Design
Angus-cross (n = 74) and Bradford steers (n = 40) were blocked by BW and breed and randomly assigned to pens. The 30 heaviest Bradford steers were randomly assigned to 6 pens in block 1. The remaining 10 Bradford steers were randomly assigned (1 or 2/pen) to pens in block 2 that also contained Angus-cross cattle of similar BW. There were 2 blocks (12 pens) that only contained Angus-cross steers. Pens within a block were then randomly assigned to treatments. Steers were approximately 9 mo of age and averaged 252.8 kg at the beginning of the study. The experimental design was a 2 × 3 factorial arrangement of treatments with 2 amounts of NaHCO 3 (0 or 1.0% DM) and 3 amounts of supplemental S (0, 0.15, or 0.30% DM). Two individual experiments were conducted. Steers were first used in a growing study followed by a finishing study. Steers were not randomized between experiments. Sodium bicarbonate was used to increase DCAB. Sulfur was supplemented as ammonium sulfate (NH 4 SO 4 ). Each treatment consisted of 3 pens containing 5 steers each and 1 pen containing 4 steers. Before initiation of the study, steers were vaccinated for protection against infectious bovine rhinotracheitis, bovine viral diarrhea, parainfluenza-3, bovine respiratory syncitial virus (Titanium 5, AgriLabs, St. Joseph, MO), and clostridial diseases (Vision 7, Intervet, Millsboro, DE) and treated for internal and external parasites (Ivomec Plus, Merck & Co., Rahway, NJ). Steers were housed in covered slotted-floor pens (3 × 4 m).
Growing Study
Ingredient and chemical composition of the corn silage-based diets is shown in Table 1 . Diets were formulated to meet or exceed all nutrient requirements for growing steers with the exception of S (NRC, 2000) . The corn silage had analyzed concentrations of 31.3% DM and 8.8% CP. Sodium bicarbonate and NH 4 SO 4 were added to the diet in place of ground corn. The addition of 1.0% NaHCO 3 to the growing diet increased DACB [mEq (Na + K) − (Cl + S)] on average 15.3 mEq/100 g of DM based on laboratory analysis. Diets not supplemented with S had an analyzed concentration of 0.12% S.
Steers were fed total mixed rations once daily in amounts adequate to allow ad libitum access to feed. Body weights were obtained before feeding on 2 consecutive days at the beginning and end of the 84-d growing study. Interim BW were taken at 28-d intervals. Blood (10 mL) was collected via jugular puncture from 2 randomly selected steers per replicate pen on d 84 for plasma Cu and Zn analysis. Blood was collected into heparinized tubes designed for trace mineral analysis (Vacutainer 9735, Becton Dickinson, Franklin Lakes, NJ) and placed on ice until centrifuged.
Finishing Study
Steers were gradually switched from the corn silagebased diet to the high-concentrate diet shown in Table  2 over a 9-d period. All cattle were implanted with Synovex-Plus (Fort Dodge Animal Health, Fort Dodge, IA) at the beginning of the finishing study. Steers remained on the same S and NaHCO 3 treatment that they received during the growing study. The control diet had an analyzed concentration of 0.13% S, and addition of 1.0% NaHCO 3 increased DCAB by an average of 14.6 mEq/100 g of DM. Chemical composition of experimental diets is presented in Table 2 . Diets were formulated to meet or exceed nutrient requirements for finishing steers with the exception of S (NRC, 2000; Table 2 ).
Steers were fed once daily in the morning with feed allotments based on what each pen of steers would clean up in a 24-h period. Body weights were obtained on 2 consecutive days at the end of the study, and interim BW were obtained at 28-d intervals. The average of the 2 BW obtained at the end of the growing study and those taken at the end of the finishing study were used to calculate ADG. Blood samples (10 mL) were collected in heparinized tubes from 2 randomly selected steers per pen on d 101 of the finishing phase for determination of plasma Cu and Zn concentrations and whole blood glutathione peroxidase activity (GSHPx). Equal numbers of steers per treatment were slaughtered by breed and BW block after receiving the finishing diets for 102, 109, or 116 d. One block (1 pen/ treatment) of steers was slaughtered on each day. On d 102, 2 steers were randomly selected from the block containing 4 steers per pen for slaughter. The remaining 2 steers in these pens were slaughtered on d 109. Steers were transported approximately 320 km to a commercial abattoir and slaughtered after an overnight period of feed withdrawal. Hot carcass weights were recorded and liver samples (2 steers/pen) were collected for Cu analysis after slaughter. Marbling score, LM area, and USDA Yield and Quality grades were determined by a certified USDA grader 48 h after slaughter.
Analytical Procedures
Blood was centrifuged at 1,200 × g for 20 min at 20°C, and plasma was removed and stored at −20°C until analyzed for plasma Cu and Zn concentration. Before analysis, plasma samples were diluted 1:3 (vol/ vol) with 5% nitric acid and centrifuged at 1,200 × g for 20 min at 20°C. Feed and liver samples were prepared for mineral analysis by wet ashing using a microwave digestion (Mars 5, CEM Corp., Matthews, NC) procedure (Gengelbach et al., 1994) . Sodium, K, Cu, and Zn were measured using flame atomic absorption spectroscopy (Shimadzu Scientific Instruments, Kyoto, Japan). Diets were analyzed for Cl and S at the Dairy One Laboratory (Dairy One Cooperative Inc., Ithaca, NY). Sulfur was determined using an inductively coupled plasma redial spectrometer (Thermo Fisher Scientific, Waltham, MA). Chloride was determined using a chloride titrator (Brinkmann Metrohm 716, Herisau, Switzerland). Whole blood was assayed for GSH-Px by the procedure of Paglia and Valentine (1967) using hydrogen peroxide as the substrate. Blood samples for GSH-Px were maintained at 5°C and assayed within 36 h of collection. Activity of GSH-Px was expressed as units per milligram of hemoglobin. Hemoglobin was determined using a commercially available kit (Sigma Chem. Co., St. Louis, MO).
Statistical Analysis
Data were analyzed as a randomized complete block design using the MIXED procedure (SAS Inst. Inc., Cary, NC). Results from the growing and finishing studies were analyzed as separate experiments. Pen was the experimental unit for all data. The model included S, DCAB, S × DCAB, and block. Fixed effects were S and DCAB, whereas the random effect was block. No S × DCAB interactions (P > 0.10) were observed. Differences among S levels were determined using the PDIFF option in SAS. Significance was declared at P ≤ 0.05, and trends were discussed at P ≤ 0.10.
RESULTS

Growing Study
Dry matter intake was not affected by dietary S during the 84-d growing study (Table 3) . Steers fed diets containing 0.30% S had greater ADG (P = 0.02), G:F (P = 0.01), and heavier final BW (P = 0.03) than those receiving 0.46% S. Gain:feed (P = 0.06) and final BW (P = 0.15) tended to be less in steers fed 0.46% S compared with control steers receiving 0.12% S. Increasing DCAB by the addition of 1.0% NaHCO 3 did not affect steer performance. 3 Dietary cation-anion balance (DCAB) was calculated using the equation: milliequivalents (mEq) of (Na + K) -Cl/100 g of DM.
4 Dietary cation-anion balance (DCAB) was calculated using the equation: milliequivalents (mEq) of (Na + K) -(Cl + S)/100 g of DM.
Finishing Study
During the finishing study ADG (P = 0.01) and DMI (P = 0.001) were affected by dietary S (Table 4) . Steers fed diets containing 0.46% S had less ADG than those fed 0.13 (P = 0.004) or 0.31% S (P = 0.07). Average daily gain and final BW did not differ among steers fed 0.13 and 0.31% S. Steers fed diets containing 0.31 (P = 0.01) or 0.46% S (P = 0.001) had less DMI than controls. Final BW was lighter for steers fed 0.46% S compared with those in the 0.13 (P = 0.002) and 0.31% S (P = 0.01) treatments. Gain:feed was not affected by dietary S. Performance of steers was not affected by NaHCO 3 , nor was there a S × NaHCO 3 interaction.
Carcass Characteristics
Hot carcass weights were lighter for steers fed the greatest quantity of S than those receiving diets containing 0.13 (P < 0.001) or 31% S (P = 0.002; Table 3 Provided 33 mg of monensin (Elanco Animal Health, Greenfield, IN)/kg of DM. 4 Dietary cation-anion balance (DCAB) was calculated using the equation: milliequivalents (mEq) of (Na + K) -Cl/100 g of DM.
5 Dietary cation-anion balance (DCAB) was calculated using the equation: milliequivalents (mEq) of (Na + K) -(Cl + S)/100 g of DM. 
5). Dressing percentage was not affected by dietary S.
Steers that received 0.46% S had decreased quality (P = 0.02) and yield grades (P = 0.04), and smaller LM areas (P = 0.04) than those fed 0.13% S. Yield grade was also less (P = 0.05) in steers fed 0.46% S compared with steers fed 0.31% S. Carcass characteristics did not differ among steers fed 0.13 and 0.31% S.
Mineral Status
Plasma Cu concentrations were not affected by dietary S on d 84 of the growing phase (Table 6 ). By d 101 of the finishing phase, plasma Cu concentrations were less in steers receiving 0.46 (P = 0.001) or 0.31% S (P = 0.05) than in controls. Steers fed 0.46% S also had decreased (P = 0.02) plasma Cu concentrations compared with those receiving 0.31% S. Liver Cu concentrations at slaughter were greater (P = 0.01) in steers receiving 0.13% S compared with those fed 0.31 or 0.46% S. Steers fed diets containing 0.31% S had greater (P = 0.02) liver Cu concentrations than those receiving 0.46% S. Sodium bicarbonate addition to the diet decreased (P = 0.04) liver Cu, but not plasma Cu concentrations.
Plasma Zn concentrations were not affected by dietary treatment during the growing or finishing study (Table 6 ). Whole blood GSH-Px activity on d 101 of the finishing study was less in steers fed diets containing 0.31 (P = 0.02) or 0.46% S (P = 0.01) than in those fed the control diet.
DISCUSSION
Sulfide (S − ) is a major metabolite in S metabolism in the rumen, arising from reduction of inorganic S sources, oxidation of elemental S, and degradation of S AA (Bray and Till, 1975) . Several ruminal microorganisms either require or can use S − for synthesis of S AA. Sulfide also can be absorbed from the rumen or eructated from the rumen as hydrogen sulfide (H 2 S). Absorbed S − is largely detoxified via oxidation to SO 4 . However, eructated H 2 S gas may be absorbed by the lungs and cause neurological disorders, including polioencephalomalacia (Gould, 1998) . No signs of polioencephalomalacia were observed in the present study, despite the decreased DMI seen during the finishing study in cattle fed increased dietary S.
The present experiments suggest that cattle fed corn silage-based growing diets can tolerate greater dietary concentrations of S than cattle fed high-concentrate diets without adverse effects on performance. During the growing study, increasing dietary S from 0.12 to 0.46% tended (P = 0.06) to reduce G:F due to a numerical reduction in ADG, but did not affect DMI. Means in a row not sharing a common superscript differ (P < 0.05). In previous studies, increasing the S concentration in grasses from 0.29 to 0.37% (Spears et al., 1985) or from 0.22 to 0.51% (Arthington et al., 2002 ) also did not affect DMI in growing cattle. Recently, Cammack et al. (2010) reported that increased dietary S, supplied in the drinking water, decreased intake of a high-fiber diet by steers. In their study increasing total (feed plus water) dietary S from 0.29 to 0.73% reduced DMI by 14% the first 53 d of the study. Interestingly, DMI was not affected by S the final 23 d of the study (Cammack et al., 2010) . In the present experiment, steers fed growing diets containing 0.30% S performed at least equally to controls and had greater ADG and G:F than those fed 0.46% S diets. However, during the finishing study steers fed diets containing 0.46% S had a 21% reduction in DMI and a 20% reduction in ADG compared with controls fed diets that had analyzed concentrations of 0.13% S. Increasing dietary S from 0.13 to 0.31% decreased DMI by 14% but did not affect ADG or final BW. In contrast, Zinn et al. (1997) reported that increasing S from 0.15 to 0.25% decreased ADG, DMI, feed efficiency, HCW, and LM area in finishing heifers. Loneragan et al. (2001) altered total dietary S intake in finishing steers by varying the concentration of SO 4 in drinking water. Loneragan et al. (2001) found that 0.22% S appeared to optimize performance, whereas a total (water + feed) S concentration of 0.29% S tended to decrease DMI. The greater reduction in DMI and ADG due to increased dietary S in steers fed the high-concentrate finishing diet may relate to lower ruminal pH. Although ruminal pH was not measured in the present study, it is well documented that ruminal pH is much less in cattle fed high-concentrate diets than in those fed high-fiber diets (Church, 1979) . With acidic ruminal pH conditions typical of those observed in cattle fed high-concentrate diets, most of the S − would be present as H 2 S, whereas S − would be approximately equally distributed between H 2 S and the hydrosulfide anion (HS − ) at more neutral ruminal pH conditions found in cattle fed high-fiber diets (Bray and Till, 1975) . Hydrogen sulfide is absorbed from the rumen at a much faster rate than HS − (Bray and Till, 1975) . The greater percentage of S − present as H 2 S at low ruminal pH coupled with the rapid ruminal absorption of H 2 S may explain the greater impact of increased dietary S on DMI in cattle fed high-concentrate diets.
Providing adequate dietary S is critical to maximizing ruminal fermentation in ruminants fed high-fiber diets (Barton et al., 1971) . In the present study, ADG was numerically greater (4.6%) during the growing phase in steers fed 0.31% S compared with those receiving the control diet that had an analyzed concentration of 0.12% S. Although differences among treatments were nonsignificant, previous studies would suggest that 0.12% S may be inadequate for cattle fed corn silage-based diets. Hill (1985) reported that addition of 0.25% S to a urea-treated corn silage diet containing 0.12% S improved ADG and feed efficiency in steers. Sulfur addition to a corn silage-based diet containing 0.20% S increased ADF digestibility in steers (Bull and Vandersall, 1973) .
We hypothesized that increasing DCAB would alleviate the adverse effects of increased dietary S on DMI. However, increasing DCAB in the present study, using NaHCO 3 , did not alter the effects of increased dietary S on DMI during the finishing study. Equations used to calculate DCAB in cattle diets have varied with some including both Cl and S as anions, and others only containing Cl. Using a DCAB equation of mEq (Na + K) − Cl/100 g of DM, Ross et al. (1994a,b) reported that increasing DCAB from 0 to 15 mEq/100 g of DM increased DMI by 13.8% in finishing steers and 8.5% in growing steers fed a corn silage-based diet. Increasing DCAB above 15 mEq/100 g of DM had little or no effect on DMI in growing or finishing steers (Ross et al., 1994a,b) . Lack of a DMI response to NaHCO 3 addition in steers not receiving supplemental S in the present study suggests that the DCAB content of the control growing (21.2 mEq/100 g of DM) and finishing (12.3 mEq/100 g of DM) diets were within the optimal range for maximal DMI. Tucker et al. (1991) reduced DCAB (Na + K) − (Cl + S) from 30 to 15 or 0 mEq/100 of DM by increasing dietary S or Cl in lactating dairy cows. Increasing dietary S resulted in similar alterations in blood and urine acid-base status and DMI to reducing DCAB with Cl. In their study, cows fed the 0-mEq diet had less DMI than those receiving the +15-mEq diet. They concluded that S should be included in calculations of DCAB for lactating dairy cows. Although Tucker et al. (1991) indicated that reducing DCAB with S addition reduced DMI, they did not determine if cation addition to diets with decreased DCAB, with increased S, would alleviate the depressed DMI. The present study indicates that increasing DCAB, at least with Na addition, will not alleviate depressed DMI observed in steers fed finishing diets with increased S. Increased dietary S can reduce bioavailability of Cu and Se in ruminants (Spears, 2003) . Sulfur in the form of S − is believed to reduce Cu bioavailability via formation of CuS in the gut (Suttle, 1974) . Plasma Cu concentrations on d 101 of the finishing phase and final liver Cu concentrations were decreased in steers receiving diets containing 0.31 or 0.46% S. However, even after steers received the high (0.46%) S diet for a total 185 d, plasma and liver Cu were within the normal range and did not approach concentrations indicative of Cu deficiency (Underwood and Suttle, 1999) . Copper was supplemented to all diets at 10 mg of Cu/kg of DM in the present study, and the growing and finishing diets had analyzed concentrations of 12.7 and 16.6 mg of Cu/kg of DM, respectively. This suggests that supplementation of 10 mg of Cu/kg of DM can prevent Cu deficiency in growing and finishing cattle fed diets containing up to 0.46% S, if other Cu antagonists, such as Mo and Fe, are not also present at increased concentrations. In steers fed a diet containing approximately 10 mg of Cu/kg of DM (no supplemental Cu), increasing total dietary S from 0.29 to 0.73% for 77 d reduced liver and plasma Cu concentrations to quantities approaching those indicative of Cu deficiency (Cammack et al., 2010) .
Increasing dietary S from 0.21 to 0.40 or 0.70% resulted in a linear decrease in plasma Se and apparent absorption of Se in lactating dairy cows (Ivancic and Weiss, 2001) . Whole blood GSH-Px activity, a Se metalloenzyme, was decreased by dietary S on d 101 of the finishing phase in the present study. Although blood GSH-Px was decreased by increasing dietary S, the biological significance of the relatively small change in enzyme activity observed may be questionable.
In summary, increasing DCAB using NaHCO 3 did not alleviate adverse effects of increased dietary S on DMI in finishing steers. In the growing study increasing dietary S from 0.12 to 0.46% only tended to decrease G:F and did not affect DMI. Steers fed a high-concentrate finishing diet tolerated diets containing 0.31% S without adverse affects on ADG and G:F. In the finishing study, steers fed 0.46% S exhibited a 21% decrease in DMI and a 20% decrease in ADG compared with those fed the control diet containing 0.13% S.
